Chromatic temporal integration and retinal eccentricity: Psychophysics, neurometric analysis and cortical pooling  by Swanson, William H. et al.
Vision Research 48 (2008) 2657–2662Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresChromatic temporal integration and retinal eccentricity: Psychophysics,
neurometric analysis and cortical pooling
William H. Swanson a,*, Fei Pan b, Barry B. Lee c,d
a Indiana University, School of Optometry, 800 East Atwater Avenue, Bloomington, IN 47405-3680, USA
bGlaucoma Institute and Department of Vision Sciences, SUNY State College of Optometry, New York, NY 10036, USA
cDepartment of Biological Sciences, SUNY State College of Optometry, New York, NY 10036, United States
dMax Planck Institute for Biological Chemistry, Göttingen, Germanya r t i c l e i n f o
Article history:
Received 29 October 2007
Received in revised form 4 February 2008
Keywords:
Chromatic sensitivity
Temporal sensitivity
Ganglion cells
Macaque
Human
Neurometric analysis0042-6989/$ - see front matter  2008 Elsevier Ltd. A
doi:10.1016/j.visres.2008.03.002
* Corresponding author. Fax: +1 812 855 9447.
E-mail addresses: wilswans@indiana.edu (W.H. S
(F. Pan), blee@sunyopt.edu (B.B. Lee).a b s t r a c t
Psychophysical chromatic sensitivity deteriorates in peripheral retina, even after appropriate size scaling
of targets. This decrease is more marked for stimuli targeted at the long- (L) to middle-wavelength (M)
cone opponent system than for stimuli targeted at short-wavelength (S) pathways. Foveal chromatic
mechanisms integrate over several hundred milliseconds for pulse detection. If the time course for inte-
gration were shorter in the periphery, this might account for sensitivity loss. Psychophysical chromatic
temporal integration (critical duration) for human observers was estimated as a function of eccentricity.
Critical duration decreased by a factor of 2 (from 200 to 100 ms) from the fovea to 20 eccentricity.
This partly (but not completely) accounts for the decrease in |L–M| sensitivity in the periphery, but
almost completely accounts for the decrease in S-cone sensitivity. Some loss of |L–M|I sensitivity thus
has a cortical locus.
In a physiological analysis, we consider how the |L–M| cone parvocellular pathway integrates chromatic
signals. Neurometric contrast sensitivities of individual retinal ganglion cells decreased with the square-
root of stimulus duration (as expected from Poisson statistics of ganglion cell ﬁring). In contrast, psycho-
physical data followed an inverse linear relationship (Bloch’s law). Models of cortical pooling mecha-
nisms incorporating uncertainty as to stimulus onset and duration can at least partially account for
this discrepancy.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
It is now well established that the midget ganglion cells of the
parvocellular (PC) pathway form the physiological substrate for a
long- versus middle-wavelength (|L–M|) cone opponent pathway
in the primate visual system (Lee, 1996), sometimes characterized
as a ‘red–green’ system. Human psychophysical contrast sensitiv-
ity to L, M chromatic stimuli declines more rapidly with eccentric-
ity than sensitivity to short-wavelength (S) stimuli or luminance
stimuli. This difference persists when stimulus size is scaled rela-
tive to critical area (Johnson, 1986) or with equiluminant gratings
which either modulate the |L–M| or S-cone pathways (Mullen,
1991) and have spatial frequency adjusted so as to compensate
for changes in magniﬁcation with eccentricity. A study of macaque
PC ganglion cells found little effect of eccentricity on |L–M| chro-
matic sensitivity from the fovea to 40 eccentricity (Martin, Lee,
White, Solomon, & Ruttiger, 2001), so the variation in psychophys-ll rights reserved.
wanson), fpan@sunyopt.eduical chromatic sensitivity from the fovea to the periphery cannot be
readily explained at the level of the ganglion cell.
PC cells and S-cone cells give substantial responses to high tem-
poral frequencies that are not perceptible psychophysically, and
low-pass temporal ﬁltering at a central (cortical) site has been pos-
ited to account for this (Lee, Pokorny, Smith, Martin, & Valberg,
1990; Yeh et al., 1995b). For luminance modulation we had also
postulated some ﬁltering of the magnocellular (MC) pathway sig-
nal (Lee et al., 1990; Yeh, Lee, & Kremers, 1995a) but most recently
(Lee, Sun, & Zucchini, 2007), a reinvestigation of ganglion cell re-
sponses using a neurometric approach found little ﬁltering was
necessary for the MC pathway and luminance modulation, because
MC pathway signals are very noisy at high temporal frequencies. It
was conﬁrmed that substantial low-pass ﬁltering occurs with the
PC pathway and chromatic modulation. An alternative, but perhaps
functionally equivalent, view might be that detection of chromatic
modulation is through a detector with a long time constant. This
would increase sensitivity at the cost of temporal resolution.
The current study measured human psychophysical chromatic
temporal integration in peripheral retina. If temporal integration
becomes shorter in the periphery, this might contribute to the loss
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chromatic perturbations as a function of duration at different
eccentricities, and compared the result with chromatic perturba-
tions speciﬁcally targeted at the S-cone pathway. Responses of ma-
caque PC cells were recorded for similar stimuli, and we attempted
to relate psychophysical and physiological data with a quantitative
neurometric model of central low-pass chromatic temporal
ﬁltering.2. Methods
2.1. Psychophysics
2.1.1. Observers
Two of the authors (WS and FP) served as psychophysical observers. Both are
experienced psychophysical observers who are normal trichromats with good acu-
ity and moderate refractive error (myopia < 5 diopters), and recent comprehen-
sive eye exams found no evidence of ocular disorders (other than corrected
presbyopic myopia in observer WS). This study complied with the Declaration of
Helsinki and was approved by the Institutional Review Board of SUNY State College
of Optometry.
2.1.2. Apparatus and stimuli
Stimuli were presented on a 21” color monitor (PressView, Radius) driven by a
10-bit/phosphor video board (ThunderScan, Radius) controlled by a Macintosh G3
computer using the Psychophysics Toolbox (Brainard, 1997) with Yi-Zhong Wang’s
interface in MATLAB (The MathWorks). This provides high-level access to the C-lan-
guage VideoToolbox (Pelli, 1997). The resolution of the monitor was 832 by 624
pixels. Dithering was used to further extend the contrast range: within each 10
by 10 pixel array, for each phosphor adjacent DAC values were interleaved to obtain
luminances intermediate between those for the two DAC values.
The tests were conducted at a one-meter viewing distance, for which the mon-
itor subtended 21  16. The background luminance of the monitor was set to 3 cd/
m2, and a 2 square pedestal in the center was set to 20 cd/m2; for both background
and pedestal the chromaticity was set to equal-energy white. Each stimulus was a
rectangular temporal pulse created by changing either the chromaticity or the lumi-
nance of the square pedestal. Previous studies have shown that use of a contiguous
pedestal improves isolation of chromatic responses by suppressing the response to
luminance increments (Snelgar, Foster, & Scase, 1987).
Pulse duration was deﬁned in terms of the number of frames in which the stim-
ulus was displayed, from 1 frame to 64 frames, in octave steps. Calibration with a
storage oscilloscope (Hitachi Densai VC-6025) found that each frame lasted 5 ms,
with 12.5 ms between frames. Since critical duration for human observers is typi-
cally greater than 25 ms (Swanson, Ueno, Smith, & Pokorny, 1987), stimulus dura-
tion was considered equivalent to the number of frames times 12.5 ms. The
equivalent durations were 1.1–2.9 logms.
A spectroradiometer (Photo Research Spectra Scan PR704) was used to calibrate
the spectral properties of the phosphors, and a luminance meter (Minolta LS-100)
was used to measure the gamma function for each phosphor. The Smith-Pokorny
cone fundamentals (DeMarco, Pokorny, & Smith, 1992) were used to compute mod-
ulations of the long-wavelength-sensitive (L-), middle-wavelength-sensitive (M-)
and short-wavelength-sensitive (S-) cones; for eccentricities of 9 and 21 macular
pigment was removed from the cone fundamentals for these calculations.
Chromatic pulses were created by modulating chromaticity in one of two direc-
tions in an equiluminant color plane (Smith & Pokorny, 1996): one direction was an
increment in excitation of the S-cones with no change in excitation of the L- and M-
cones; the second direction was an increment in L-cone excitation and decrement
in M-cone excitation, with no change in S-cone excitation. For control experiments,
luminance pulses were used in which luminance incremented with no change in
chromaticity. In this cone excitation space, the effects of individual differences
(photopigment polymorphisms, lenticular density, photopigment optical density,
cone numerosity) would have minimal effect on the degree of chromatic isolation
or the depth of chromatic modulation (Smith & Pokorny, 1995). Control experi-
ments with luminance pulses showed that, at all three eccentricities, contrast sen-
sitivity for a 25 ms pulse was within 0.1 log unit of asymptotic contrast sensitivity
for long pulses. By comparison, for both chromatic stimuli at all three eccentricities,
contrast sensitivity for a 25 ms pulse was at least 0.5 log unit below asymptotic sen-
sitivity for long pulses. Therefore we considered that luminance responses made no
signiﬁcant contribution to detection of the chromatic pulses.
2.1.3. Procedure
A temporal two-interval forced-choice adaptive staircase method was used to
measure contrast sensitivity as a function of pulse duration at the fovea, at 9.5
eccentricity (nasal retina 9,3) and at 21 eccentricity (15,15), using a mo-
vable ﬁxation point so that the stimulus was always presented on the same part of
the monitor. Each staircase began at maximum contrast, and used a 2-down-1-uprule with step sizes of 0.3 log unit until the second reversal and 0.15 unit thereafter.
Staircases terminated at eight reversals, and the mean of the last six reversals was
used as the threshold estimate. Every six trials a stimulus was presented that was
0.5 log unit higher than the staircase value; these trials did not drive the staircase
and were used in maximum likelihood analysis of the staircases (Swanson & Birch,
1992). Thresholds were considered non-measurable and were excluded from data
analysis if the difference between the subjects’ threshold and the available maxi-
mum contrast was less than 0.15 log unit. Data were considered unreliable and
were excluded from data analysis if the difference between the sensitivities esti-
mated with the maximum-likelihood technique and with the mean of reversals
was greater than 0.15 log unit (Swanson & Birch, 1992).
For each pulse duration, color direction and observer, contrast sensitivity was
measured on two different days. If means of reversals for the two days differed
by less than 0.2 log unit then the average was taken, otherwise additional staircases
were gathered and the median was taken.
2.1.4. Data analysis
Data were ﬁt with a peak detector template, using two free parameters: sensi-
tivity and critical duration. More complex detector models incorporating temporal
probability summation have been developed for detection of luminance pulses
(Gorea & Tyler, 1986; Watson, 1979), but a simple peak detector template has been
found to be sufﬁcient for good ﬁts to chromatic pulse-detection data (Smith, Bowen,
& Pokorny, 1984). For each stimulus pulse duration, the response of the detector at
time t from the onset of the response (in seconds) was determined using the two-
parameter impulse response R(t), deﬁned as
RðtÞ ¼ S½tn1e1000pt=D=ðn 1Þ! ð1Þ
The sensitivity parameter, S, scales the template vertically while the critical
duration parameter, D, scales the template horizontally. The value for n was ﬁxed
at 5 to reduce free parameters; this value has previously been used successfully
to ﬁt chromatic pulse detection data (Smith et al., 1984). The sensitivity parameter,
S, is the contrast sensitivity for a 1 ms pulse. The critical duration parameter, D, is
the duration (in ms) at which sensitivity becomes 0.05 log unit lower than pre-
dicted by linear summation (Bloch’s law), and is 0.25 log unit below the asymptotic
sensitivity at long durations. For a given sensitivity S and critical duration D, the
time-varying response of the peak detector was computed by convolving the pulse
with the impulse response. Sensitivity of the peak detector was computed as the re-
ciprocal of the maximum value reached by the convolution.
Data analysis was performed using the software Igor Pro 6.02 (Wavemetrics,
Inc., Lake Oswego, Oregon). Contrast sensitivity versus pulse duration was plotted
as the pulse integration function and the peak detector template was ﬁt using a
Levenberg-Marquardt algorithm (an iterative, non-linear least-squares method
which terminates based on the rate of decline in j2). Goodness-of ﬁt was deter-
mined from the j2 values and the standard errors of the parameters.
2.2. Physiology
Ganglion cell activity was recorded from the retinas of juvenile macaques (Ma-
caca fascicularis). After initial intramuscular injection of ketamine, anesthesia was
induced with thiopental and maintained with isoﬂurane in a 70%:30% N2O2 mixture
(1–2% during surgery and 0.2–1% during recording). Local anesthetic was applied to
points of surgical intervention. The electroencephalogram and the electrocardio-
gram were continuously monitored as a control for anesthetic depth. Muscular
relaxation was maintained by intravenous infusion of gallamine triethiodide
(5 mg/kg/h) together with approximately 6 mL/h/kg of dextrose Ringer. End-tidal
PCO2 was kept near 4% by adjusting the rate and depth of ventilation, and body
temperature was maintained near 37.5 Cs. All procedures were approved by an
on-campus Institutional Animal Care and Use Committee and conformed to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
A contact lens with the internal radius matched to the corneal curvature was
used to focus the eye on a back projection tangent screen that was 228 cm from
the animal’s tested eye. The screen was used for mapping receptive ﬁelds and for
projecting stimuli for cell classiﬁcation. Positions of the fovea and the optic disk
were ascertained with the aid of a fundus camera. Clarity of the optic media was
checked frequently, and, if the smaller retinal vessels could no longer be recognized,
recording from that eye was terminated and the second eye prepared. On comple-
tion of recording the animal was sacriﬁced with an overdose of barbiturate.
Details of the recording technique and the cell classiﬁcation are given elsewhere
(Lee, Martin, & Valberg, 1989). Brieﬂy, after extracellular activity of a ganglion cell
was isolated, the cell type was determined by using ﬂashed spots. Cell responses to
stimuli of different, equiluminous colors were then recorded as an aid to cell clas-
siﬁcation. We recorded ganglion cells from the parafoveal retina, typically at eccen-
tricities of between 3 and 10 deg.
2.2.1. Apparatus and stimuli
Responses were measured using a three-channel Maxwellian view system, as
described elsewhere (Lee et al., 1990). Brieﬂy, three light-emitting diodes (LEDs)
with dominant wavelengths at 638 (‘‘red”), 554 (‘‘green”), and 470 nm (‘‘blue”) pro-
vided a 4.7 deg stimulus ﬁeld, which was centered on the receptive ﬁeld of the cell.
Measurements were made using only the red and green LEDs, each of which pro-
ig. 1. Histograms of spike density versus time since stimulus onset. Top panel
hows pulse durations of 25–400 ms used for neurometric analyses. Histograms are
r DL/L contrasts of 6.4%, 3.2%, 1.6% and 0.4% from top to bottom.
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LEDs were driven by pulse-train frequency modulation to achieve a highly linear
relationship between driving voltage and LED intensity.
2.2.2. Procedure
Spike trains were recorded from 14 red–green opponent parvocellular (PC)
pathway ganglion cells, seven +L–M cells and seven +M–L cells. Five equiluminant
pulses, with diode contrasts from 3.125% to 50% in octave steps were used, corre-
sponding to DL/L contrasts of 0.4% to 6.4%. For each cell, 180 spike trains of
1000 ms duration were collected. Each series began with 30 blank trials, with no
modulation from adapting chromaticity. Then 30 spike trains were gathered for
each of ﬁve different equiluminant DL modulations from ±0.4% to ±6.4% in octave
steps. Positive modulation (DL) was used for all seven +L–M cells and two of the
+M–L cells recorded; negative modulation, which is referred to as ‘‘DM”, was used
for all of the +M–L cells and two of the +L–M cells. The chromaticity of the ﬁeld was
changed for 500 ms then returned to the adapting chromaticity for the remaining
500 ms. In additional control experiments, a pulse duration of 1500 ms was used
with a 1500 ms interstimulus interval, and a pulse duration of 100 ms was used
with a 600 ms interstimulus interval. Times of spike occurrence were recorded with
an accuracy of 0.1 ms.
2.2.3. Data analysis
Neurometric functions were derived for each cell using ROC curves constructed
from the spike trains. Two different approaches were used: a traditional neuromet-
ric approach which we term the ‘‘ideal observer” approach, and a novel approach
which we term the ‘‘uncertain observer” approach.
2.2.3.1. Ideal observer analysis. Traditional neurometric analysis (Tolhurst, Movs-
hon, & Dean, 1983) is analogous to the psychophysical ‘‘ideal observer” who
knows when and where the stimulus will occur and for what duration. This ap-
proach only examines the spikes in intervals corresponding to the stimulus pre-
sentation, so the analysis window is of the same duration as the stimulus. For a
given analysis duration and modulation depth, a stimulus-related spike train was
extracted from each response using a temporal window of that duration which
began 4.5 ms after stimulus onset. Spike trains for maintained ﬁring were ex-
tracted with the same temporal window from the ﬁnal 400 ms of the interstim-
ulus interval. To assess whether variations in maintained discharge during the
series affected results, in a secondary analysis spike trains from the 30 spike
trains with 0% stimulus contrast were also used as estimates of maintained
activity; this made little difference to the results. Fig. 1 shows sample histograms
with lines drawn to indicate the window widths used. This approach (in which
changes in analysis duration are substituted for changing stimulus duration) ne-
glects the fact that the impulse response of the cell is of ﬁnite duration. We
therefore checked that we obtained equivalent results in control experiments
with the shorter (100 ms) pulses.
For a given stimulus duration and modulation depth a receiver-operating-char-
acteristic (ROC) curve was derived by plotting the fraction of stimulus-related spike
trains that passed a criterion versus the fraction of maintained ﬁring spike trains
that passed the same criterion. Area under the ROC curve was computed using trap-
ezoidal integration, representing fraction of trials yielding a correct response on a
two-alternative forced-choice task comparing stimulus-related and a maintained
ﬁring spike trains. Neurometric contrast sensitivity was then computed using max-
imum likelihood estimation (Swanson & Birch, 1992) to ﬁt fraction correct versus
stimulus contrast: a Weibull function was ﬁt by varying two independent parame-
ters: log contrast sensitivity from 1.0 to 2.5 in steps of 0.01 log unit, and exponent
from 0.25 to 25 in steps of 0.1 log unit. Pulse durations were varied from 25 to
400 ms in octave steps, and the pulse integration function was ﬁt using the same
method as for the psychophysical data.
2.2.3.2. Uncertain observer analysis. An alternative neurometric analysis was devel-
oped based on a sampling window of ﬁxed duration for all stimuli. This could be
viewed as a central detector of ﬁxed duration, or as the psychophysical ‘‘uncertain
observer” who does not know when or where the stimulus will occur (Pelli, 1985).
Prior studies have analyzed effects of uncertainty across many detectors with dif-
ferent properties and centered at different locations in visual space, but have not
analyzed temporal uncertainty in terms of neurometric analysis. We developed
the analysis in two stages: a ganglion cell stage which analyzed responses of indi-
vidual ganglion cells, and a cortical pooling stage which combined responses of a
number of ganglion cells.
The ganglion cell analysis was identical to the ideal observer analysis except
that, rather than using an analysis window with the same duration as the stim-
ulus, it used a ﬁxed analysis window for all stimulus durations. The ﬁxed win-
dow represents the fact that in a two-interval forced-choice experiment the
subject knows that the stimulus occurred at some point in one of the two inter-
vals but does not know when and therefore must attend to each entire interval.
We used a 500 ms analysis window, and in control runs veriﬁed that use of
other ﬁxed window durations gave similar results. For the stimulus-related spikeF
s
fotrains, at each stimulus duration the analysis window was set to include stimu-
lus-related spikes from a period equal to the stimulus duration, as well as spikes
from a period of no stimulus presentation for the remainder of the ﬁxed win-
dow. In order to reduce any potential effects of adaptation to the stimulus, we
drew the non-stimulus-related spikes from the period prior to stimulus onset,
and the stimulus-related spikes from the period right after stimulus onset. For
example, for a 25 ms stimulus duration the analysis window began 475 ms prior
to response onset, while for a 200 ms stimulus duration the window began 300
prior to response onset. Note that this does not imply that the observer knows
when the stimulus occurred, it is simply a way to combine stimulus-related
and non-stimulus-related spikes given the protocol we used. The same ﬁxed
analysis window was used to extract spikes for maintained discharge from spike
trains gathered with no stimulus modulation. Consistent with the traditional
neurometric analysis described above as the Ideal Observer analysis, the decision
variable was the total number of spikes during the sampling window.
The cortical pooling analysis simulated temporal uncertainty at the cortical
level by combining spike trains from a number of different ganglion cells for
the same stimulus, and assuming that many different cortical cells respond to
these spike trains. This approach was based on the model of Gorea and Tyler
(1986), who used a signal-detection analysis in which individual detectors inte-
grate responses over a limited time duration, with many different detectors that
commence integration at different time periods relative to stimulus onset. In this
approach the decision variable is computed from the responses of all detectors
monitored during the stimulus and blank trials. We considered the detectors
to be cortical circuits which analyze responses of local patches of ganglion cells,
and simulated the effect of many different detectors analyzing the same set of
spike trains pooled from a speciﬁc group of ganglion cells. Whenever a criterion
number of spikes occur within the integration window of a given detector, that
detector responds. The decision variable is then the sum of responses across
detectors with all possible onsets for the analysis window. We approximated this
decision variable with a temporal proximity analysis: the criterion for ROC anal-
Table 1
Parameters for ﬁts of the peak detector template to psychophysical data
0 9 21
FP WS FP WS FP WS
Critical duration (logms)
DL 2.17 2.22 1.92 2.03 1.70 1.64
DS 2.13 2.26 1.92 2.11 1.69 1.95
Log sensitivity
DL 0.68 0.56 0.28 0.01 0.38 0.39
DS 0.68 0.98 0.94 1.06 1.26 1.25
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sponds due to having sufﬁcient spikes in its analysis window. The two parame-
ters (width of analysis window, criterion number of spikes) interact, so we held
them constant while we varied the factor of interest: the numbers and types of
ganglion cells contributing spikes to the detectors. To simplify calculations, it
was assumed that all cortical detectors used an observation window of 60 ms,
and the decision variable was the amount of time that at least 10 spikes were
within a temporal proximity of 60 ms for at least one detector. Control runs with
different values for each of the two parameters obtained similar results concern-
ing the effects of variation in numbers and types of ganglion cell providing input
to the detectors.
3. Results
3.1. Psychophysical measurements
Psychophysical data relating contrast sensitivity with stimulus
duration for the three eccentricities tested are shown in Fig. 2, with
ﬁts of the two-parameter peak-detector model (parameters given
in Table 1). All ﬁts were satisfactory (standard errors for both
parameters smaller than 0.1 log unit and j2values smaller than
0.05). The curves show the usual form, with an initial increase in
sensitivity with a slope of about one, followed by a plateau at long
durations. For both observers the critical duration declined with
eccentricity (by 0.5–0.6 log unit for DL and by 0.3–0.4 log unit
for DS), i.e., the inﬂections in the ﬁtted curves moved to shorter
durations. Critical durations in the fovea were 300–400 ms, which
is consistent with literature estimates (Eskew, Stromeyer, & Kro-
nauer, 1994; Smith et al., 1984; Swanson et al., 1987) and de-
creased to 100–150 ms at 21 deg.
Sensitivity to long pulses declined with eccentricity, by 1.5 log
unit for DL pulses and by 0.6–1.0 log unit for DS pulses. Thus these
data conform to reports that chromatic sensitivity mediated by the
L and M cones decreases in the periphery to a greater extent than
that mediated by the S-cones (Johnson, 1986; Mullen, 1991). Sen-
sitivity to short pulses also decreased in the periphery but to a les-2.0
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Fig. 2. Contrast sensitivity versus duration for equiluminant chromatic pulses, for
two observers (FP left panels, WS right panels). Upper panels show data for L/M
cone modulation (DL/L), lower panels show data for S-cone modulation (DS/S). S-
mooth curves show ﬁts of the peak-detector template.ser extent; the three curves have a smaller separation to the left
than to the right in the plots. We interpret this as indicating that
lower chromatic sensitivity in the periphery is in part due to short-
er integration times, but this factor cannot account for the entire
degradation in sensitivity.
3.2. Cellular data
We considered the physiological foundation of such curves as in
Fig. 2; Fig. 3 shows examples of ideal-observer analysis (left pan-
els) and uncertain-observer analysis (right panels) for an individual
ganglion cell. Weibull functions for the neurometric analysis are
shown in the upper panels, and the lower panels show the result-
ing sensitivities versus pulse duration. Log sensitivity increases
with log duration at a slope of close to one-half for the ideal obser-
ver analysis (lower left), while for the uncertain observer analysis
(lower right) the slope was close to one and the peak detector tem-
plate gave a good ﬁt. Sensitivity versus duration results for differ-
ent cells in the sample varied, but for the ideal observer the slope
of the best-ﬁt line was never greater than 0.6, as shown in the left
panel of Fig. 4. For the uncertain observer most of the cells had
slopes steeper than 0.8, and the right panel of Fig. 4 shows these  Peak Detector 0.015
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Fig. 3. Examples of neurometric functions (top) and temporal integration functions
(bottom) for ideal observer (left) and uncertain observer (right) neurometric anal-
yses. In the lower panels legends show j2 values for ﬁts; the dashed lines are the ﬁts
of the square-root law and the solid lines are the ﬁts of the peak detector template.
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Fig. 4. Sensitivity versus pulse duration functions for individual ganglion cells, for
an ideal observer (left) and an uncertain observer (right).
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of one at durations below the critical duration).
Fig. 5 shows results of the cortical pooling analysis. The sets of
sensitivities show results for different numbers of two types of
ganglion cells: ganglion cells which are excited by the stimulus
(ﬁrst digit), and ganglion cells which are inhibited by the stimulus
(second digit). When there were equal numbers of the two types of
ganglion cells, sensitivity was low and relatively independent of
stimulus duration. When we increased the number of cells that
were responsive to the stimulus, sensitivity increased more dra-
matically for long pulses than for short pulses, resulting in an in-
crease in critical duration. This was because pulses shorter than
the 60 ms integration window can only drive detectors to thresh-
old for a relatively short time period, while pulses longer than
the analysis window can drive detectors to threshold for much
longer time periods.
Maintained activity showed a dependence on contrast of the
preceding chromatic pulse. When the stimulus was excitatory for
a cell, maintained discharge decreased slightly as stimulus modu-
lation increased. When the stimulus was inhibitory for a cell, main-
tained discharge increased slightly as stimulus modulation
increased. This could potentially cause an artifact in the neuromet-
ric analysis, since noise would tend to decrease as stimulus con-
trast increased. Secondary calculations were conducted using the
initial 0% contrast trials for maintained discharge, and obtained
similar results as for the primary calculations. We conclude that re-
sults of our primary analysis were not due to an artifact cause by
the changes in maintained ﬁring as contrast level increased.3.0
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Fig. 5. Sensitivity versus pulse duration functions for an uncertain observer mon-
itoring the responses of cortical cells pooling responses of multiple ganglion cells.
The sets of sensitivities show results for different numbers of two types of ganglion
cells: ganglion cells which are excited by the stimulus (ﬁrst digit), and ganglion
cells which are inhibited by the stimulus (second digit). Contrast sensitivities below
1.0 and above 2.3 cannot be estimated well with our range of contrasts, so temp-
lates are extended beyond this region.4. Discussion
The psychophysical data on chromatic contrast sensitivity for
temporal pulses were ﬁt well with a peak detector template for
which sensitivity increased linearly with pulse duration for short
durations (with a slope of 1.0 on a log–log axes), then showed min-
imal increase for pulses longer than the critical duration. At each
eccentricity, critical duration for chromatic modulation was always
longer than for luminance modulation, and was similar for both DL
and DS modulations. This conﬁrms prior studies of foveal chro-
matic temporal integration (Eskew et al., 1994; Smith et al.,
1984; Swanson et al., 1987), and extends the result to eccentric
locations. However, though critical duration declined with eccen-
tricity, this was not enough to account for the overall loss in sensi-
tivity in the |L–M| pathway. Therefore some additional aspect of
visual processing must reduce chromatic contrast sensitivity in
the periphery independent of temporal integration. PC cells show
little change in chromatic sensitivity over the eccentricities tested
(Martin et al., 2001), so the sensitivity loss is not retinal in origin.
One interesting possibility derives from the fact that cortical cells
in the primate face a challenge in terms of wiring speciﬁcity of
PC cell inputs. For example, red on-center and green on-center cells
share the same ganglion cell class and mosaic (the midget on-cen-
ter ganglion cells); the same holds for off-center ganglion cells (Da-
cey, 1993; Lee, 1996). This diversity in physiological properties
within a single anatomical ganglion cell class is most unusual. It
is feasible that the facility to make correct cortical connections is
better developed in the foveal cortical representation rather than
at peripheral locations. Lastly, although at high eccentricities gan-
glion cells’ temporal response extends to higher frequencies than
near the fovea (Solomon, Martin, White, Ruttiger, & Lee, 2002), at
20 deg (the highest eccentricity tested here psychophysically) the
difference in temporal response is not large, and it seems unlikely
that this contributes to the decrease in critical duration seen
psychophysically.
The ideal-observer analysis of spike trains from tonic retinal
ganglion cells yielded functions for which the ﬁt was often best
for a square-root model (slope of 0.5 on log–log axes, for all pulse
durations). That is, sensitivity increased with the square root of
stimulus duration (Fig 3, lower left). This might be expected, since
spike occurrence during maintained activity and at low contrast
can be described as a Poisson or low-order gamma process (Troy
& Lee, 1994). The number of impulses in the window will increase
with duration, as will variance. This results in the signal to noise
ratio increasing with the square root of duration. Slopes for differ-
ent cells in the sample varied, but were almost always less than
one, while slopes in our psychophysical data and in those of others
(Eskew et al., 1994; Smith et al., 1984; Swanson et al., 1987) are
close to unity. This fundamental inconsistency between psycho-
physical and neurometric temporal integration functions was alle-
viated for many of the individual ganglion cells by use of
uncertainty analysis, in which the analysis window does not vary
with stimulus duration.
The uncertainty analysis of individual ganglion cells did not pro-
vide an explanation for the psychophysical ﬁnding that sensitivity
decreased by 1 log unit with eccentricity for 25 ms DL pulses.
The cortical pooling analysis provides an explanation for this de-
cline: a change in the speciﬁcity of cortical wiring, as discussed
above, can decrease the ratio of L-on to other types of midget gan-
glion cells. If cortical cells serving the fovea sum responses of only
one kind of PC-cell (e.g., L-on), while cortical cells serving more
peripheral locations become less speciﬁc in their wiring, then this
would be expected to reduce sensitivity to brief DL pulses.
In conclusion, chromatic critical duration decreases with eccen-
tricity, a factor which must be included in models which attempt
2662 W.H. Swanson et al. / Vision Research 48 (2008) 2657–2662to relate psychophysical chromatic sensitivity to responses of ret-
inal ganglion cells. A cortical pooling analysis can simulate the
changes in temporal integration and sensitivity which occur.Acknowledgements
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